Persistent polyclonal B cell lymphocytosis (PPBL) is a rare disorder, diagnosed primarily in adult female smokers and characterized by an expansion of CD19 + CD27 + IgM + memory B cells, by the presence of binucleated lymphocytes, and by a moderate elevation of serum IgM. The clinical course is usually benign, but it is not known whether or not PPBL might be part of a process leading to the emergence of a malignant proliferative disorder. In this study we sought to investigate the functional response of B cells from patients with PPBL by use of an optimal memory B cell culture model based on the CD40-CD154 interaction. We found that the proliferation of PPBL B cells was almost as important as that of B cells from normal controls, resulting in high immunoglobulin secretion with in vitro isotypic switching. We conclude that the CD40-CD154 activation pathway is functional in the memory B cell population of PPBL patients, suggesting that the disorder may be due to either a dysfunction of other cells in the microenvironment or a possible defect in another B cell activation pathway.
Introduction
Persistent polyclonal B cell lymphocytosis (PPBL) is a rare and presumably nonmalignant lymphoproliferative disorder diagnosed predominantly in women [1, 2] , although a few men have also been diagnosed with this condition [3] [4] [5] . Clinical symptoms are nonspecific except for mild fatigue in most individuals with this disorder [1, 6] . Patients, usually cigarette smokers, present with elevated polyclonal serum IgM and a persistent polyclonal lymphocytosis of memory B cell origin as evidenced, on flow cytometry, by a population of CD27 + IgM + IgD + cells with normal / ratio [7] [8] [9] [10] [11] representing more than 70% of their total B lymphocytes [12] . The blood smear in these patients is characterized by the presence of mostly atypical lymphocytes with abundant cytoplasm and mature nuclei. Binuclearity can be observed in 1-9% of their lymphocytes [13] . Patients predominantly express the HLA-DR7 phenotype, while this particular allele usually occurs in only 26% of the normal Caucasian population [14] .
The clinical course is usually benign, but we have previously described the case of one individual who developed a diffuse large-B-cell lymphoma (DLBCL) 19 years after a diagnosis of PPBL [15] . Overall, a small proportion of patients with PPBL has been reported in the literature to have developed a malignant disease [16] [17] [18] . Although the pathophysiology of this disorder remains largely unknown, a familial link is one of its constant features, suggesting the existence of an underlying genetic defect [19] . Despite the apparent polyclonal nature of the B cell proliferation, the frequency of rearrangements between the bcl-2 and Ig heavy chain genes is 100-fold greater than that observed in normal 2 Advances in Hematology B cells, and multiple bcl-2/Ig gene rearrangements have been observed in all PPBL patients [20] . An isochromosome 3q+ (i3)(q10) has also been described in a varying proportion of the B cell population [3, 18] . Such genetic aberrations were always restricted to the B cells, indicating the presence of a distinct clonal cytogenetic population in PPBL patients [3] . This confirms that some B cells in this disorder are distinct from their normal counterparts. However, sparse information is as yet available on the functional properties of B cells in PPBL.
It has been shown that PPBL B cells are memory cells presenting the CD27 + IgM + IgD + immunotype [11, 21] with a large repertoire diversity [11, 22] and that they could originate from the B cell populations of the splenic marginal zone [23] . Marginal zone CD27
+ IgM + IgD + B cells likely are memory cells that can be generated independently from a germinal center reaction and T cell help, while also being able to respond to the CD40-CD154 interaction [24, 25] . The binding of CD40 to CD154 expressed on activated T cells plays a central role in B cell activation, proliferation, and immunoglobulin isotype switching [26] . B lymphocytes from healthy controls grow perfectly well in a culture system based on this interaction in the presence of IL-4 [26, 27] . However, we have previously shown that PPBL B lymphocytes were unable to proliferate following in vitro CD40-CD154 interaction. These observations were suggestive of a possible defect in the CD40 pathway, although CD40 expression, sequencing, and tyrosine phosphorylation appeared to be normal [28] . Others have reported later that the circulating CD19 + CD27 + memory B cells from normal individuals were unresponsive to high-level CD40-CD154 interaction [29] . Finally, it has been shown that a reduced-intensity CD40-CD154 interaction in the presence of IL-2, IL-4, and IL-10 results in the proliferation, expansion, and immunoglobulin secretion of normal memory CD19 + CD27 + B cells [30, 31] . Since PPBL B cells share the CD27 expression of normal memory B cells, we have designed a study to investigate the response of B lymphocytes from patients with PPBL in cultures with low-intensity CD40-CD154 interaction and to further characterize these cells, especially their isotype switching and immunoglobulin secretion.
Patients and Methods

Patients and Healthy
Controls. This study was conducted on six female patients (8010, 8011, 8013, 8030, 8031, and 8032) ranging from 47 to 69 years. All individuals were asked to answer a questionnaire inquiring about their habits and health status. PPBL patients were initially diagnosed and followed at St-Sacrement and later at Enfant-Jésus hospitals of the CHU de Québec. Diagnostic criteria were (a) a persistent CD19
+ /CD5 − B cell lymphocytosis of at least 6 months' duration with a normal / ratio; (b) a polyclonal increase in the serum IgM concentration; (c) the presence on the blood smear of binucleated lymphocytes as previously described [11, 28] ; and (d) the presence of multiple bcl-2/Ig gene rearrangements in peripheral blood lymphocytes. Blood was collected from all patients after informed consent was obtained. This study has been approved by the Research Ethics Board of the CHU de Québec. Peripheral blood mononuclear cells (PBMCs) were obtained from healthy individuals following routine platelet collection by recovering the cells from leukoreduction chambers, as described previously [32] . Consequently, comparison against samples obtained from healthy individuals participating in Héma-Québec's study was approved by Héma-Québec's Research Ethic Committee and all these samples were obtained following each individual's informed consent. [30] . Purified human B cells were 95% or more CD19
Isolation of Human
+ as determined by flow cytometry.
In Vitro Stimulation of Human B Cells with CD154
+ Adherent Cells. L4.5 cells originate from a genetically modified L929 cell line (CCL-1, American Type Culture Collection, Manassas, VA) and express about 21,000 ± 4000 CD154 molecules per cell [30, 33] . Purified B cells from PPBL patients and controls (∼2.5 × 10 5 cells/mL) were seeded in Primaria plates (BD Biosciences, Mountain View, CA) in the presence of gamma-irradiated (75 Gy/7500 rad) L4.5 cells in a ratio of either 3 or 25 B cells per L4.5 cell, corresponding to high and low stimulations, respectively [30] . B cells were cultured in Iscove's modified Dulbecco's medium (IMDM) supplemented with 10% ultralow IgG FBS containing 10 g/mL insulin, 5.5 g/mL transferrin, 6.7 ng/mL sodium selenite (all from Invitrogen, Burlington, ON, Canada), and a mixture of cytokines, namely, 5 ng/mL IL-2 (∼50 U/mL), 40 ng/mL IL-10 (∼20 U/mL) (both from PeproTech, Rocky Hill, NJ, USA), and 3.5 ng/mL IL-4 (100 U/mL) (R&D Systems, Minneapolis, MN, USA). Three separate culture experiments were performed, each consisting of cells purified from 1 healthy control and 2 patients. Cell counts and viability were evaluated in triplicate by Trypan blue dye exclusion. Cultured B cells were always ≥95% CD19 + and, unless otherwise specified, viability was >90%.
Flow Cytometry Analysis.
Allophycocyanin-conjugated anti-CD27 and anti-IgG, PerCP-cyanin 5.5-conjugated anti-CD19, and PE-conjugated anti-IgD and their conjugated isotype controls were all from BD Biosciences. Polyvalent goat IgG FITC-anti-IgM antibodies were from The Jackson Laboratory (Mississauga, Ontario, Canada). All stainings were performed using 1 g of each Ab for 1 × 10 6 cells. Cells were 
Ig-Secretion
Rate. The IgG and IgM secretion rates were determined on either day 13 or 14. Briefly stated, cells were harvested, washed with PBS, and seeded at 1-2 × 10 6 cells/mL in bare IMDM medium. Supernatants were collected after 18 to 22 hours and IgG and IgM concentrations were determined by standard enzyme-linked immunoadsorbent assay (ELISA), as previously described [29] . When indicated, IgG and IgM contents were also determined by ELISA in culture supernatants.
Results
Patient Profiles.
The six patients studied were all female and displayed the clinical features associated with PPBL ( Table 1) . As described earlier [19] , these were a higher than normal circulating lymphocyte count ( = 2,4 to 6,4 × 10 9 /L), due to an increased number of B cells, and a polyclonal increase in their serum IgM ( = 3, 8 to 12,1 g/L). Their / ratio was consistent with a polyclonal origin of the lymphoproliferation in all cases (data not shown). A Bcl2/Ig gene rearrangement was present in everyone (Table 1 ). All patients were cigarette smokers, either presently or previously.
Phenotypic Characterization of Peripheral B Cells from
Patients. Flow cytometry was done on purified B cells from each of the six patients to evaluate CD19, CD27, IgD, and IgM expression ( Figure 1 ). As previously reported [11] , 73% ± 13% (mean ± SD; range of 58% to 87%) of the CD19 + B cell populations were characterized by CD27 positivity and 90% ± 6% (mean ± SD; range of 81% to 96%) expressed IgD and IgM. All B cells from PPBL patients also expressed CD40 (data not shown). Such high frequency of CD27 + IgM + IgD + B cell subset in the purified CD19 + cells was as expected and in agreement with the clinical data of our PPBL patients.
PPBL B Cells
Respond to Low CD40 Stimulation. B cells from PPBL patients and healthy individuals were submitted to culture with high (3 B cells per L4.5 cell) and low (25 B cells per L4.5 cell) stimulation conditions and their proliferation was monitored for 13 to 14 days ( Figure 2 ). As previously observed, the response of PPBL B cells to a high CD154 interaction was still 6-to 30-fold lower than that of control B cells, presumably due to their high frequency of CD27
Conversely, all PPBL B cell samples responded to the low stimulation conditions, with an expansion factor of anywhere between 3 and 20 times higher than that observed in the high CD40-CD154 interaction experiments. However, the response of PPBL B cells to a low CD40 interaction was lower than that of control B cells, which contained a normal ratio of naive CD27 − and memory CD27 + B cells (data not shown). It is likely that the degree of proliferation of the dominant CD27
+ IgM + IgD + B cell subpopulation observed in our patients is much lower than the otherwise more prominent CD27
− B cell subpopulations of our controls [11] .
Evolution of PPBL B Cells following Long-Term CD40
Stimulation. The phenotypes of PPBL B cells following low CD40 stimulation were monitored for CD19, CD27, IgM, and IgD expression on days 9 and 14. Phenotypic profiles for one representative PPBL sample and an example of control B cells are presented below (Figure 3(a) ). The frequencies for 
CD19
+ CD27 − , CD19 + CD27 + , IgM − IgD − , and IgM + IgD − cells are shown as the mean values for all PPBL samples ( = 6) and the three controls (Figure 3(b) ). Phenotypic evolution of the CD19 + B cells, similar in all PPBL samples, differed from that of control B cells by showing a higher frequency of CD27 + and IgM + IgD − cells (Figures 3(a) and 3(b) ). In all samples, two main phenotypes, corresponding to CD19 + CD27 − and CD19 + CD27 + cells, were observed during days 9 through 14. Based upon CD27 expression, the evolution of B cells from PPBL patients, following low CD40 stimulation, appeared (Figure 1 ), a phenotype similar to that of normal marginal zone B cells [11, 34] . Following CD40 stimulation, surface IgD almost vanished in all PPBL B cell samples (Figures 3(a) and 3(b) ). Additionally, the frequency of total IgM + B cells decreased in controls, from 88 to 95% (day 0) to less than 10% of CD19 + cells (day 14) , while remaining at 57% ± 15% in PPBL samples. Overall, these results indicate that the response of PPBL B cells to CD40 stimulation leads to phenotype changes that are quite similar to those observed in normal B cell populations but that remains biased towards growth of IgM + B cell subsets.
PPBL B Cells Are Able to Switch to and to Secrete IgG.
Based on the above results, flow cytometry analyses of CD40-activated PPBL B cells were performed in order to monitor their expression of IgG (Figure 4(a) ). It was thus found that a heightened proportion of IgM − IgD − B cells correlated quite precisely with the emergence of IgG + B cells. Furthermore, high IgG secretion rates, similar to those observed in control B cells, were observed in CD40-activated B cells from the six PPBL patient samples (Figure 4(b) ). Conversely, IgM secretion rates within PPBL B cells were higher than those seen in control B cells, in concordance with the higher proportion of IgM + cells. In addition, the capacity of PPBL B cells to switch isotypes and to secrete IgG suggests that their in vitro response to CD40 is similar to that of normal B cells. Another proof of the in vitro isotype switching capacity of PPBL B cells is in the observed difference between IgM/IgG ratios at days 5 and 14 for cultures in a low interaction CD40-CD154 medium. On day 5, the IgM/IgG ratio of PPBL B cells varied between 6 and 205, whereas at the end of the cultures (day 14), the IgM/IgG ratio was nearly or completely reversed in favour of IgG (0,4 to 3,5) ( Figure 5 ). These observations are in agreement with the reported isotype switching capacity of normal CD27
+ IgD + IgM + human B cells [35] . 
Discussion
The importance of a functional CD40 molecule in B cell development, proliferation, and immunoglobulin production is well illustrated by the X-linked hyper-IgM syndrome, which is the outcome of an inadequate interaction between CD40 on B lymphocytes and its ligand, CD154, presented by activated T cells [36, 37] . This deficiency affects the interaction between activated CD4
+ T cells and all other cell types expressing CD40, namely, B cells, dendritic cells, monocytes/macrophages, platelets, and activated endothelial and epithelial cells. This inherited condition is characterized by a defective class-switch recombination, resulting in normal or increased levels of serum IgM associated with deficiencies of IgG, IgA, and IgE. Moreover, the lymphoid organs of affected individuals are devoid of germinal centres and they are unable to develop memory B cells in response to T-dependent antigens [38] . The characteristics associated with this disorder are partially reminiscent of those observed in patients affected with persistent polyclonal B cell lymphoproliferation. Indeed, patients with PPBL showed elevated serum IgM and polyclonal B cell proliferation. Consequently, Advances in Hematology we asked ourselves whether or not there was a similar pathophysiology between these two disorders, specifically, a defect in the CD40-CD154 signaling pathway. Although many cases of hyper-IgM syndrome are related to genetic abnormalities affecting CD154 and preventing its interaction with its receptor [39] [40] [41] , a subset of patients has been described in whom the disorder rather stems from the presence of defects in the CD40-induced B cell activation pathway [42, 43] . When B lymphocytes isolated from this subset of hyper-IgM syndrome patients are stimulated in vitro in the CD40-dependent cell culture system in the presence of an intact ligand, they are still unable to proliferate and undergo immunoglobulin isotype switching. Likewise, we had already demonstrated that B lymphocytes isolated from PPBL patients did not respond to the expansion signal delivered through CD40 when the level of interaction between CD40 and CD154 was high, indicating a possible defect in the CD40 signaling pathway, despite normal expression, sequencing, and tyrosine phosphorylation of CD40 [28] . It was later demonstrated that PPBL B cells were in essence memory B cells harbouring the CD27 + IgM + IgD + immunotype [11, 21] . The peripheral CD19 + CD27 + memory B cells from normal individuals were then reported to be unresponsive to high-level CD40 stimulation [29] . However, it has been shown recently that a reduced intensity of CD40-CD154 interaction in the presence of IL-2, IL-4, and IL-10 results in the proliferation, expansion, and immunoglobulin secretion of normal memory CD19 + CD27 + IgM + B cells [30] . We thus performed a culture of PPBL B cells in the low-interaction CD40-CD154 medium and obtained a proliferation of the CD19 + CD27 + IgM + B cells that was 6 to 20 times higher than that observed with the high CD154 interaction medium. We demonstrated that these lymphocytes were capable of proliferating in vitro in the presence of precise and optimal culture conditions, that is, a low level of interaction between CD40 and CD154 (3 cells expressing the CD154 ligand for 25 B lymphocytes) in the presence of IL-2, 4, and 10. We can now confirm that PPBL patients did not demonstrate any defect in the CD40-induced signaling pathway.
The following interesting observation was made: the CD19 + IgG + cell population, encompassing globally less than 5% of the cell population at the beginning of the culture in PPBL patients, increased beyond 25% on day 14. Meanwhile, we observed the emergence of a CD19 + CD27 − cell population and the disappearance of surface IgD as in normal controls. Such downregulation of IgD is traditionally observed in B cell subsets following their activation within germinal center [44] and is usually associated with further secretion of immunoglobulin. Similarly, when cultured under proper condition, B cells from patients with PPBL showed a heightened proportion of IgM − IgD − B cells along with an emergence of IgG + B cells and high immunoglobulin secretion. By dosing immunoglobulin secretion from cultured controls and patients' B cells, we observed a much larger immunoglobulin secretion rate in the low interaction culture system than in the high interaction CD40-CD154 medium. Those results were expected in controls, since we already knew that a low level interaction medium promotes differentiation and secretion of memory B cells whereas a high interaction medium preferentially stimulates proliferation of normal B cells [30] . In the low-level CD40-CD154 interaction medium, we observed much larger IgG and IgM secretion rate from PPBL B cells than from healthy control B cells. We believe that this is attributable to the IgM-rich B lymphocyte subpopulations seen in large quantities, relative to controls, in PPBL patient. It is also possible that PPBL B cells were able to differentiate faster than those from controls.
The high proportion of IgM + IgD + B cell population and increased IgM levels in PPBL patients suggest a difficulty in normally completing isotype switching. On day 14, immunoglobulin isotype analysis showed higher IgG than IgM levels. These results strongly demonstrate the capacity of in vitro isotype switching of PPBL B cells. We also observed that IgG preferential secretion occurred in the low-level CD40-CD154 medium, thus reinforcing the in vitro isotype switching hypothesis.
Conclusion
In summary, we have shown throughout this study that PPBL B cells could proliferate in a CD40-CD154 culture system under proper conditions and that proliferation also results in IgM and IgG secretion, all of which indicating an adequate CD40 signaling pathway. Moreover, this report provides the first evidence of in vitro immunoglobulin isotype switching of CD19 + CD27 + IgM + B cells from PPBL, while denoting that this capacity may be impaired in vivo [45] . These results also indicate that these same CD19 + CD27 + IgM + B cells are not as abnormal as we initially believed and thus that PPBL may arise, as recently proposed, from a deregulation of the microenvironment [46] or from a defect in a different B cell activation pathway, resulting in extensive proliferation.
